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Abstract 
The TiO2-Co-TiO2 sandwich films were successfully grown on glass and silicon substrata making alternate use of radio frequency 
reactive magnetron sputtering and direct current magnetron sputtering. The structures and properties of these films were identified with 
X-ray diffraction (XRD), Raman spectra and X-ray photoemission spectra (XPS). It is shown that the sandwich film consists of two 
anatase TiO2 films with an embedded Co nano-film. The fact that, when the Co nano-film thickens, varied red shifts appear in optical 
absorption spectra may well be explained by the quantum confinement and tunnel effects. As for magnetic properties, the saturation 
magnetization, remnant magnetic induction and coercivity vary with the thickness of the Co nano-films. Moreover, the Co nano-film has 
a critical thickness of about 8.6 nm, which makes the coercivity of the composite film reach the maximum of about 1413 Oe.  
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1 Introduction* 
Titanium dioxide (TiO2) is an attractive mate-
rial in applications such as photo-catalyst[1] and gate 
oxides in MOS transistors[2]. Since the discovery of 
Matsumoto et al[3], Co/TiO2 thin films have drawn 
many researchers’ attention due to their very high 
Curie temperature (TC). While much work[4-10] has 
been done on the ferromagnetic properties of 
Co/TiO2 thin films grown by various methods, a few 
papers have been published on the magnetic proper-
ties of other 3d metals[11] doped with TiO2. Also 
have been made public a lot of researches as to 
other dilute magnetic semiconductors[12-16], which 
are of considerable use to spin injectors in spin-
tronic devices. However, so far very few studies 
over optical and magnetic properties of the TiO2- 
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Co-TiO2 sandwich films have been performed. Re-
cently, it is found that TiO2-Co-TiO2 sandwich films 
are able to be grown on glass and silicon substrata 
making alternate use of radio-frequency reactive 
(RFR) magnetron sputtering and direct current (DC) 
magnetron sputtering. This paper presents micro-
structures, optical and magnetic properties of these 
films, obtained by means of X-ray diffraction, X-ray 
photoelectron spectroscopy, Raman spectroscopy, 
UV-visible spectrophotometer and vibrating sample 
magnetometer. Moreover, a discussion is carried out 
about the influences of the Co nano-film and the 
substrate temperature on the optical and magnetic 
properties of the TiO2-Co-TiO2 sandwich films. 
2 Experimental Procedure 
The TiO2-Co-TiO2 sandwich films were depos-
ited making alternate use of radio frequency reac-
tive magnetic sputtering and direct current magne-
tron sputtering. Glass and silicon substrata in size of   
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20 mm×20 mm were ultrasonically washed succes-
sively in acetone, alcohol, and de-ionized water to 
achieve a clean surface before being placed in a 
vacuum chamber. Every substrate was further in-
versely sputtered for 5 min before the high film de-
posited. The target was separated from the substrate 
5 cm. First, the high anatase TiO2 was deposited by 
radio frequency reactive magnetron sputtering. 
When the chamber was evacuated to a pressure of 
5×10-5 Pa, a mixed stream of high purity (99.9999%) 
argon and oxygen (99.999 %) gases at a ratio of 
50/5.0 sccm was introduced. A round high purity 
(99.999%) Ti plate Ø60 mm×3 mm thick was used 
as a target. The output voltage of the radio fre-
quency sputter gun was 1 020 V. During sputtering, 
the chamber pressure was maintained 2 Pa. Then, 
the film was heated in situ at various temperatures 
(100-700 ℃) to ensure high-quality TiO2 films. And 
thus a Co nano-film was grown onto TiO2 layer by 
direct current magnetron sputtering. A high purity 
(99.98 %) Co plate Ø60 mm×3 mm thick was used 
as a target. When the chamber was again evacuated 
to a pressure of 5×10-5 Pa, only a stream of high 
purity (99.9999%) argon gas was introduced. The 
direct current sputtering power was about 26 W. In 
order to produce a TiO2-Co-TiO2 sandwich film, the 
second anatase TiO2 is formed by the same route the 
first one has been made. The film thickness d was 
determined by surface profilometry with a DEK-
TAK 3 α-step instrument. The deposition rate was 
obtained by dividing d by sputtering time. In our 
experiment, the sputtering rate of TiO2 was as large 
as ~2.5 nm/min, and that of Co about 0.28 nm/s. A 
computer-controlled sputtering system was used.  
The TiO2-Co-TiO2 sandwich films were identi-
fied by X-ray diffraction (XRD), Raman scattering 
and X-ray photoemission spectra (XPS). X-ray dif-
fraction (XRD) studies were carried out on a rotat-
ing anode of D/max-rB type. The X-ray diffracto-
meter was operated at a voltage of 40 kV and a cur-
rent of 150 mA; CuKα1 radiation (λ=0.154 nm) 
monochromated with a graphite sample. X-ray 
photoemission spectra data were recorded with a 
VG ESCALAB MK II spectrometer using MgKα 
source (1 253.6 eV) radiation of 12 kV and 20 mA. 
All samples measured were calibrated with respect 
to the C1s peak at 284.6 eV. Raman scattering spec-
tra were measured using a SPEX-1403 laser Raman 
spectrometer with a typical resolution of 1 cm-1 in 
the measured frequency region. All spectra reported 
here were measured in backscattering geometry us-
ing the 514.5 nm line of Ar+ laser excitation at the 
room temperature. An output laser power of 200 
mW was needed to avoid sample overheated. Opti-
cal absorption spectra without consideration of re-
flection loss were measured with a Perkin-Elmer λ9 
double beam spectrophotometer in the range from 
300 to 1 000 nm at the room temperature. The mag-
netic properties were studied on an LDJ-model 9600 
vibrating sample magnetometer at the room tem-
perature.  
3 Results and Discussion  
In our experiments, the thickness of about   
80 nm of TiO2 films of the TiO2-Co-TiO2 sandwich 
film was kept constant, while the thickness of Co 
film varied from 3 nm to 20 nm. Fig.1 is the X-ray 
diffraction patterns pertaining to a TiO2-Co-TiO2 
sandwich film and an anatase TiO2 film grown on a 
glass substrate making alternate use of radio fre-
quency reactive magnetron sputtering under the 
condition that the power equal to 250 W, Ar/O2 ratio 
50/5.0 sccm and substrate temperature 500 ℃. As 
for the anatase TiO2, can be observed seven dif-
fracted lines labeled by (101), (004), (200), (211), 
(204), (220) and (215). The XRD data accord with 
those of anatase TiO2 in Refs.[17, 18]. The cell di-
mensions calculated from the diffracted lines are a = 
0.378 nm and c=0.951 nm. No diffracted lines 
characterized by other polymorphs of TiO2, rutile or 
brookite, are present. The average grain size d of 
TiO2 can be estimated from the XRD profiles using 
Scherrer’s equation[18]:  
d = kλ / β cosθ 
where k is a constant (shape factor, about 0.9), λ is 
X-ray wavelength, β is full-width at half-maximum 
(FWHM) of the diffraction line and θ is a diffraction 
angle. In TiO2 film, the mean particle size of 13.2 
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nm is estimated. Some feature diffraction peaks of 
anatase TiO2 and a Co (111) could be noticed in the 
TiO2-Co-TiO2 sandwich film. 
 
Fig.1  X-ray diffraction patterns of the TiO2-Co-TiO2 sand-
wich film and the anatase TiO2 film. 
Weak XRD peak signals can be sourced back 
to very thin films (about 150 nm). The XRD pattern 
of TiO2-Co-TiO2 sandwich films reveals that the 
film is a mixture of the anatase TiO2 and the cubic 
cobalt. 
Raman scattering spectra of the anatase TiO2 
film and the TiO2-Co-TiO2 sandwich film are shown 
in Fig.2. From it, can be seen four Raman scattering 
peaks of the anatase TiO2. The two of them are ap-
proximately 144 cm-1 and 400 cm-1 which are at-
tributable to the B1g modes, and the others 515 cm-1 
and 640 cm-1 to the Eg modes. These results are in 
good agreement with Ref.[19]. In addition, there is 
another Raman peak of around 1 106 cm-1 attribut-
able to the vibration mode of Ti-O-SiO2, which in-
dicates a strong interaction at the interface between 
the TiO2 film and the glass substrate. 
 
Fig.2  Raman scattering spectra of the anatase TiO2 film 
and the TiO2-Co-TiO2 sandwich film. 
Fig.3 shows the comparison of XPS Ti 2p core 
level of the anatase TiO2 and the TiO2-Co-TiO2 
sandwich film. From it, the core levels of Ti 2p1/2 
and Ti 2p3/2 are approximately at 464.1 and 458.4 
eV, respectively, which, in line with Ref.[20], are 
ascribed to the Ti4+ (TiO2), and has a peak separa-
tion at 5.7 eV between them. 
 
Fig.3  XPS Ti 2p core level of (a) anatase TiO2; (b) the 
TiO2-Co-TiO2 sandwich film. 
Compared with Refs.[21, 22], the core levels of 
Ti 2p1/2 and Ti 2p3/2 have a small shift of 0.1 eV.  
Fig.4 shows XPS O 1s core level of (a) the 
anatase TiO2 and (b) the TiO2-Co-TiO2 sandwich 
film. From it, in approximate accordance with the 
main peak at 529.9 eV of TiO2[21], the core level of 
O 1s is at line of 529.7 eV, which is assigned to the 
titanium dioxide at the surface. 
 
Fig.4  XPS O 1s core level of (a) anatase TiO2; (b) the 
TiO2-Co-TiO2 sandwich film. 
Fig.5 shows XPS Co 2p core level of the TiO2- 
Co-TiO2 sandwich film. The core levels of Co 2p1/2 
and Co 2p3/2 are at 797.1 and 782.2 eV respectively, 
having a peak separation of 14.9 eV between them. 
Compared to Ref.[21], it is obvious Co in a 
metal state in the anatase TiO2. However, the core 
levels of Co 2p3/2 and Co 2p1/2 in the anatase TiO2 
have chemical shifts of 0.42 eV and 0.43 eV, re-
spectively. This demonstrates an interaction be-
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tween Co and TiO2. 
 The optical absorption spectra of the 
TiO2-Co- TiO2 sandwich films with different thick-
nesses of Co nano-layer are shown in Fig.6. 
 
Fig.5  XPS Co 2p core level of the TiO2-Co-TiO2 sandwich 
film. 
 
Fig.6  Optical absorption of the TiO2-Co-TiO2 sandwich 
films with different thicknesses of Co nano-film. 
For nanocrystalline anatase TiO2 film with zero 
thickness of Co nano-layer, the optical absorption 
edge blue shifted to 320.9 nm (3.86 eV) in com-
parison with that of the bulk anatase TiO2 (3.20 
eV)[23], which may well be explained by the quan-
tum confinement effects.  
However, in case of a Co nano-film embedded 
between two-anatase TiO2 films, Co atoms will dif-
fuse into the matrix of TiO2 and change the band 
gap of the TiO2-Co-TiO2 sandwich films. From 
Fig.6, the optical absorption of the TiO2-Co-TiO2 
sandwich films red shift to 321.4, 330.8, 333.5 and 
345.2 nm, which correspond to the thickness of the 
Co nano-film of 3, 9, 12 and 48 nm, respectively. 
This indicates that the band gap of the anatase TiO2 
narrows when the Co nano-film thickens. The varia-
tion of band gap with the thickness d of the Co 
nano-film in the TiO2-Co-TiO2 sandwich films is 
presented in Fig.7. It is shown that the threshold α 
of the fundamental absorption of the TiO2-Co-TiO2 
sandwich film may be described by the expression: 
α = A ( E – Eg)m            (1) 
where E is the optical band gap of the TiO2-Co-TiO2 
sandwich film, Eg is the optical band gap of the pure 
anatase TiO2, and A is a constant. The value of m  
(m = 2) is a characteristic value for the indirect al-
lowed transition, which dominates over the optical 
absorption[24,25]. 
 
Fig.7  Variation of band gap vs the thickness of Co-nano- 
film in TiO2-Co-TiO2 sandwich films. 
The optical absorption spectra of the TiO2- 
Co-TiO2 sandwich films deposited at different sub-
strate temperatures under the condition that the 
power be 250 W, the Ar/O2 ratio 50/5.0 sccm, are 
shown in Fig.8. 
 
Fig.8  Optical absorption spectra of the TiO2-Co-TiO2 sand- 
wich film deposited at different substrate tempera-
tures. 
It is observed that as the substrate temperature 
increases, the optical absorption edges see varied 
red shifts. The measured results of these optical ab-
sorption edges are about 339.7, 349.8 and 400.6 nm, 
which correspond to the substrate temperatures of 
300, 350 and 400 ℃ respectively. These can be in-
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terpreted by the decrease of the band gaps of 
TiO2-Co-TiO2 sandwich films with an ever-in-
creasing number of Co atoms diffusing into the 
matrix of TiO2 caused by increased substrate 
temperature. 
Fig.9 shows a hysteresis loop of a TiO2- 
Co-TiO2 sandwich film in magnetic field, which is 
parallel to the film plane. This film, composed of 
two 80 nm TiO2 layers and an embedded Co film 12 
nm thick, has the saturation magnetization of about 
4.35 emu/g, the remnant magnetic induction of  
1.02 emu/g and the coercivity of 569.6 Oe. It dem-
onstrates ferromagnetic properties possessed by the 
TiO2-Co-TiO2 sandwich film. 
 
Fig.9  A hysteresis loop of a TiO2-Co-TiO2 sandwich film 
in magnetic field parallel to the film plane. 
Fig.10 illustrates a hysteresis loop of another 
TiO2-Co-TiO2 sandwich film in magnetic field. The 
film has an embedded Co film about 9 nm thick and 
coercivity of about 1 399.2 Oe at the room tem-
perature. Its loop is parallel to the film plane as 
well. 
 
Fig.10  A hysteresis loop of another TiO2-Co-TiO2 sand-
wich film in magnetic field. 
It is clear that the coercivity of 9 nm Co-em- 
bedded film is higher than that of the 12 nm 
Co-embedded one. Fig.11 shows the coercivity of 
the TiO2-Co-TiO2 sandwich films versus varied 
thicknesses of Co nano-films, where circle points 
present the experimental data, and the solid line the 
Gaussian fit. 
 
Fig.11  The coercivity of the TiO2-Co-TiO2 sandwich films 
vs. the thicknesses of the Co films. 
From Fig.11, a critical thickness of about   
8.6 nm of the Co nano-film can be noticed in this 
kind of composite films which have the maximum 
coercivity of about 1 413 Oe. 
4 Conclusions 
The TiO2-Co-TiO2 sandwich films were suc-
cessfully grown on glass and silicon substrates 
making alternate use of radio frequency reactive 
magnetic sputtering and direct current magnetron 
sputtering. The structures and the properties of these 
films were investigated with XRD, Raman spectra 
and X-ray photoemission spectra (XPS). The sand-
wich films comprise two anatase TiO2 films and an 
embedded Co nano-film. Transmission absorption 
spectra see varied red shifts as the Co nano-film 
thickens, which originated from the quantum con-
finement effects. The films show ferromagnetic 
properties at the room temperature. The saturation 
magnetization, remnant magnetic induction and co-
ercivity vary with the thickness of Co nano-films. 
The Co nano-film has a critical thickness of about 
8.6 nm, which makes the coercivity of the compos-
ite film reach the maximum value of about 1 413 Oe. 
This may well be accredited to the quantum inter-
face effects. 
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